; σ -surface tension, N/m; τ -shear stress, N/m 2 ; τ e -evaporation relaxation time, s; τ c -condensation relaxation time, s. Subscripts D -droplet, h -hydraulic parameter, k -phase indicator, 0 -initial conditions, 1 -gas, 2 -liquid film, 3 -entrained droplets, W -wall.
Introduction
Steam condensation inside vertical tubes is applied in various heat exchangers in power and chemical industry. For instance, an important task in the design of an air heater is to predict the pressure change along the downward flow of condensing steam inside the tube. This pressure change determines the pressure of condensate at the condensing tube outlet and the pressure drop that must be provided in order to remove the drained condensate from the outlet header to the condensate line for its removal.
For condensation inside vertical or near vertical tubes, annular flow is the dominant flow regime. To analyze this condensation mechanistic (phenomenological) models have often been used. One of these phenomenological models is the two-fluid model, in which the liquid film flowing adjacent to the wall and the gas phase flowing in the tube cross-section core comprise the two fluids. However, the two-fluid model is not complete because it is reported that in condensation the droplets entrain from the liquid film to the gas core and deposit from the gas core to the liquid film [1] . Thus, there is another fluid flowing inside the gas core, which is due to the entrained droplets (or the dispersed phase). This introduces the three-fluid model, which comprises the gas phase in the tube crosssection core (k = 1), the liquid film flowing adjacent to the wall (k = 2) and the entrained droplets (dispersed phase, k = 3) flowing inside the gas phase (or vapor core). The three-fluid model functions reasonably well for condensation inside vertical tubes.
To attain such goal, the conservation equations of mass, momentum and energy are written for each fluid (with the index k), then steady one-dimensional conditions are considered (the one-dimension is along the tube length or along the condensation direction). Apart from nine conservation equations (mass, momentum and energy equations for k = 1, 2, 3), another equation is obtained from the fact that the sum of the volume fractions of the three fluids must be unity. These ten equations are used to obtain ten unknowns (ten state variables). In the conservation equations, the interfacial transfer phenomena between the fluid pairs that are in contact and also between the liquid film and wall are calculated by suitable closure relations.
The conservation equations along with volume fraction equation are changed, by some arithmetic operations, to ten first-order ordinary differential equations (ODEs) which give the derivatives of ten variables (parameters or state variables). These ten ODEs comprise a system of ODEs which should be solved together as they are coupled. When dealing with condensation, the ODE system is stiff. It means that while one of the state variables has a very limited range of variation (for example α), there is another state variable which varies in a large range (for example p) and so stiff ODE solvers should be used. Here for the solution of system of stiff ODEs, MATLAB stiff ODE solvers, namely ode23s and ode15s have been used. In the numerical procedure, the initial conditions are flow parameters at the inlet of the condensing tube (de-
The problem is that a downward flowing pure and saturated water vapor (steam) enters to a vertical tube with known initial conditions and condensation of the steam happens inside the vertical tube (Fig. 1) . The flow regime is annular and entrainment and deposition are not negligible. Then a three-fluid model is developed to predict the pressure changes in the tube. Use of the previous correlations for the steam-liquid film interfacial friction shows discrepancies between calculated and measured (experimental) pressure changes. Although the correlation of Stevanovic et al. [2] provides good agreement, it has some deficiencies. One of these deficiencies corrected in this paper is introduction of the friction stress between en-trained droplets and liquid film. Calculated pressure changes provide even much better agreement by taking the above correction into account. 
Modeling approach

Governing equations
The three-fluid model conservation equations have the following general form for steady onedimensional flow conditions [1, 2] ( )
where M represents mass, momentum and energy source terms as presented below, and index k = 1 denotes gas phase, k = 2 liquid film and k = 3 entrained droplets. The volume balance is added as
(This means that the sum of volume fractions of the fluids must be unity). The above system of conservation equations is transformed into a form suitable for the numerical integration as follows [2] 
The final set of balance equations are equations (5) - (8) . These equations are implemented in the MATLAB code in the order of (5), (8) , (7) and (6) and solved as an initial value problem where the initial conditions are the parameters values at tube inlet.
The source terms in conservation equations are as follows [2, 3] :
Mass balance source terms:
Gas flow :
Momentum balance source terms: 
( 1 1 ) with .
, ,
Constitutive equations and comments
The deposition rate W d , is calculated at each position from the relationship d
and C are estimated from the following correlation (Sugawara correlation [3] )
The entrainment rate W e , is estimated from the following correlation (Sugawara correlation [3] )
with 5 
and Reynolds number for the gas flow is
Alipchenkov et al. correlation [7] 12 2 1 0.25
where Re 1 is defined as in case of Wallis correlation. Levitan correlation [8] 0.4
Stevanovic et al. correlation [2] 0.8
The gas phase-droplets shear stress is defined as
where the drag coefficient is (Clift et al. 
and the droplet Reynolds number is
The mean droplet diameter is determined by critical Weber number [10] 
where we have Evaporation and condensation rate. To the calculation of the evaporation rate the nonequilibrium relaxation method is used, whereby it is assumed that during flashing (pressure undershoots) the volumetric evaporation rate follows [11, 12] :
Evaporation rate:
0; for, Interfacial area concentrations are calculated between liquid film-wall, liquid film-gas and droplets-gas [13] .
The tube flow cross section is 2 
The liquid film-wall interfacial area concentration is
The liquid film-gas interfacial area concentration is 
The eddy-droplet interaction time is determined by the following approximations [15] ( 0) (
is the Stokes number that quantifies the droplet inertia and thereby measures the degree of coupling between the gas and dispersed phases, L T is Lagrangian integral time scale of turbulence, E T is Eulerian time macroscale of turbulence in the moving coordinate system, Virtual Mass Force. The virtual mass force occurs only when one of the phases accelerates with respect to the other phase. It results from the fact that the motion of the discontinuous phase results in the acceleration of the continuous phase as well. In terms of magnitude, the virtual mass force is significant only if the gas phase is dispersed, and only in rather extreme flow acceleration conditions (e.g., choked flow) [1] .
In condensing vertical tubes, the virtual mass force is in fact a measure of the influence of the velocity of the entrained droplets on the velocity of the gas phase. Here the gas phase flow is continuous and the flow of the entrained droplets is dispersed, and therefore the magnitude of the virtual mass force is not significant, and so it is not considered.
Results and discussion
The experimental data are obtained from Kreydin et al. According to Fig. 2 , when the total mass flux (inlet mass flux) is lower than 60 kg/m 2 s (i.e. the total mass flux is in low mass flux limit), the pressure change is positive, and when the total mass flux increases (such that the mass fluxes do not go beyond the ranges of the low mass flux limit), this positive pressure change increases. When the total mass flux (inlet mass flux) is higher than 100 kg/m 2 s (i.e. the total mass flux is in high mass flux limit), the pressure change is negative, and also when the total mass flux increases, this negative pressure change increases (the positive pressure drop increases). 
where the two-phase flow density is 
It means that the total pressure gradient is composed of three terms, namely, frictional, gravitational and acceleration pressure gradients. The first term on the righthand side of Eq. (36) represents the frictional pressure drop (i.e. the liquid film friction on the wall), the second term represents the gravitational pressure change (for the downward condensing flow in vertical tube the inclination angle is / 2 θ π = − ), and the third term represents the acceleration pressure change (the pressure change due to the acceleration or deceleration of the flow in the tube).
The calculated total pressure change and its three terms, frictional, gravitational and acceleration pressure changes are also plotted against the total mass flux for steam inlet pressure of 1.08 MPa in Fig. 3 . It can be seen that for lower mass fluxes (lower than 60 kg/m therefore it results in the decrease of total pressure change), which gives the reason for total pressure change being negative in Fig. 2 in the high mass flux limit. In condensing vertical tubes, there should be enough pressure drops in order to remove the condensate from the tube outlet. Therefore, the aim is to have a negative pressure change (or a positive pressure drop). With the help of Figs. 2 and 3 , we can figure out the range of the total mass flux for which the pressure change is negative (or the pressure drop is positive), and therefore choose a value of the mass flux for the vertical condensing tube for which there is a negative pressure change. In fact, in the industrial applications of the vertical condensing tubes, which are the various heat exchangers in power and chemical industry such as air heaters in steam boilers, aircooled condensers, and steam condensers within the passive systems of nuclear power plants, we need an inlet mass flux for a specified value of the total pressure drop. 
Conclusions
The pressure changes of condensing annular flow in vertical tube have been predicted using three-fluid model. Use of the previous correlations for the steamliquid film interfacial friction shows discrepancies between calculated and measured pressure changes. Although the correlation of Stevanovic et al. [2] provides good agreement, it has some deficiencies. One of these deficiencies corrected in this paper is the introduction of the friction stress between entrained droplets and liquid film. In this study, the calculated pressure changes provide even much better agreement by taking the above correction into account such that the agreement of the predictions of the modified three-fluid model with measured data is 30% better than the agreement of the predictions of Stevanovic et al. correlation with measured data.
The conservation equations are written for each fluid and then steady one-dimensional conditions are considered. Apart from nine conservation equations (mass, momentum and energy equations for k = 1, 2, 3), another equation (volume fraction equation) is also obtained. These ten equations are used to obtain ten state variables. In the conservation equations, the interfacial transfer phenomena are calculated by suitable closure relations.
The conservation equations along with volume fraction equation are changed by some arithmetic operations to ten first-order ODEs which give the derivatives of ten state variables. These ten ODEs comprise a system of stiff ODEs which should be solved together as they are coupled. Here for the solution of the system of stiff ODEs MATLAB stiff ODE solvers, namely ode23s and ode15s, are used. The results obtained are as follows. 2. When the total mass flux is in low mass flux limit, the pressure change is positive, and when the mass flux increases, this positive pressure change increases. When the total mass flux is in high mass flux limit, the pressure change is negative, and when the total mass flux increases, this negative pressure change increases.
3. For lower mass fluxes (lower than 60 kg/m 2 s) the gravitational pressure change is dominant, and as a result of that the pressure increases from the tube inlet to outlet. For higher mass fluxes (higher than 100 kg/m 2 s) the frictional pressure change is dominant, and consequently the pressure decreases from the tube inlet to outlet.
4. For the applications of the vertical condensing tubes in industry, the inlet mass flux is needed for a specified value of the total pressure change, for which the modified three-fluid model can be used giving the best results.
